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ABSTRACT

Prior disaster management studies in the Indus flood plain of
Pakistan have overlooked the potential of remote sensing for
monitoring flood inundation zones over time. Still, there is
a significant gap in understanding the impact of the devas-
tating flood disaster on the land surface. Our research ad-
dresses this gap by utilizing multi-temporal Sentinel-1A, 2A,
and ground-based validation surveys. This study uses the syn-
thetic aperture radar interferometry (InSAR) technique to pre-
cisely characterize surface displacements resulting from the
2022 megaflood event in Pakistan. Our approach involves the
analysis of SAR images captured from Sentinel-1A ascend-
ing passes, offering a comprehensive dataset for estimating
land surface subsidence over the worst affected region in the
Indus lower flood plain. The study’s findings indicate a sub-
sidence ranging from -229.82 to -7.84 mm. The urban land
subsidence along the Indus River was particularly concern-
ing, with some areas experiencing a substantial displacement
of -215.26 mm. Significant subsidence, greater than -100 mm,
affected 25.2% of the total study area. Agricultural land near
the Indus River faced significant land displacement ranging
from -180.82 to -7.84 mm due to the impact of floodwater.
Additionally, regions with a maximum floodwater depth of
7 m exhibited higher land surface displacement. Floodwater
depth was assessed using a Google Earth-based model. The
primary causes of land displacement were excessive rainfall
and the substantial flow of floodwater debris, requiring thor-
ough attention from policymakers to ensure sustainable urban
and agricultural development in the face of climate change.

Keywords: Climate change, Flood disaster, Indus Plain,
SAR interferometry, Surface deformation, Land subsi-dence.

1. INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC) is-
sued the Special Report on Extreme Events and Disasters
(SREX), predicting rapid increases in extreme weather events
during the twenty-first century [1], [2]. Climate change and
global warming have become critical concerns for Pakistan,

particularly in relation to the growing frequency of extreme
weather events [3], [4] . In recent years, Pakistan has expe-
rienced a notable increase in the occurrence of cloud bursts,
leading to severe flooding with devastating consequences.
The country is especially vulnerable to flooding, largely due
to heavy summer monsoon precipitation [5]. The catastrophic
flood in August 2022 had severe impact on the southern
provinces of Pakistan, including Sindh and Baluchistan. This
flood affected approximately one-third of the country, the
world’s fifth-most populous country, displacing an estimated
32 million people and resulting in economic losses exceeding
$30 billion [6], [7]. Recent studies on the spatial distribution
of floodwaters and the evaluation of agricultural land degra-
dation show that the flood inundated a total area of 26,252
km? across 21 districts, damaging approximately 1,307,102.8
hectares of agricultural land [7], [8].

Land subsidence poses a substantial threat and can severely
damage infrastructure, including bridges, road networks, rail-
ways, and pipelines. Furthermore, it can result in significant
stability problems in buildings in urban settlements [9]. To
assess land subsidence, a variety of geodetic techniques,
such as spirit leveling and global navigation satellite systems
(GNSS), have been widely employed [10], [11]. However,
these techniques are largely constrained by their limited cov-
erage and sparse measurement distribution in space, making
them inadequate for timely land deformation monitoring over
large areas [12]. Interferometric synthetic aperture radar
(InSAR) is a satellite-based land deformation monitoring
technique that depends on measuring the phase difference
between two radar images acquired at different epochs. In-
SAR has become a widely accepted and practical approach
for tracking ground displacement events in global studies of
land deformation [9], [13], [14], [15].

The objectives of this study are as follows: First, we used
the Google Earth Engine (GEE)-based Floodwater Depth Es-
timation Tool along with Sentinel-2A imagery and a digital
elevation model (DEM) to estimate floodwater depths to pro-
vide insights into flood extent and depth [8], [16]. Second,
we applied InSAR technique using Sentinel-1A data to assess
land subsidence, generating a spatial map highlighting areas
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impacted by subsidence caused by the 2022 flood. Third, we
evaluated the impact of land subsidence across the study area.

2. MATERIAL AND METHODS

2.1. Study area

The study focuses on the districts most severely impacted by
2022 flooding in southern Pakistan. Figure 1 illustrates the
worst-affected regions, alongside a map of the land use and
land cover within the study area. The flood extent maps indi-
cate that the following districts experienced significant dam-
age: Kashmore, Nasirabad, Jacobabad, Sholapur, Sukkur,
Shikarpur, Larkana, and Thul. At the peak of the flooding,
water depths reached up to 7 m, resulting in the inundation of
approximately 66 km?, primarily in the northern and western
parts of the study area [8]. Houses and other infrastruc-
ture were submerged after heavy rains and flood during the
monsoon season, as shown in Figure 1.

§ Legend
Land Use Land Cover

I Frood oxtent
| ErTre | Pakistan
Crops

Fig. 1. The extent of floodwater over agricultural and urban
land in the worst affected district in southern Pakistan. Photos
(a) and (b) show the flood water over the Larkana and Sukkur
districts in Pakistan’s south and western regions
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2.2. Data collection and pre-processing

This research used multispectral instrument (MSI) data from
Sentinel-2A and SAR data from Sentinel-1A before (June
2022) and after (from September 2022 to January 2023) the
flood. The details of the satellite data used in the study are
provided in Table 1. The visible bands and near-infrared
(NIR) from Sentinel-2A were used to calculate the water
index and conduct flood inundation analysis. Normalized dif-
ference water index (NDWI) was computed using the green
and NIR bands. This index efficiently filters out soil and veg-
etation data, making water more distinguishable in the image
[8].

The floodwater depth estimation model incorporated
floodwater extent and DEM data to determine the floodwater
depth [16]. On the other hand, Sentinel-1A utilizes C-band
to illuminate the Earth’s surface, with backscatter recorded in
vertical-horizontal (VH) and vertical-vertical (VV) polariza-
tions. In this research, we utilized Sentinel-1 imagery from
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Table 1. This explains the details of the satellite data used in
the study.

Data Description Dates

Sentinel 1A (SAR) IW-SLC, VV, Ascending June 2022 (Pre-flood)

DEM SRTM (30 m) to

Sentinel 2 (MSI) Bands (2,3,4,8,and 11)  January 2023 (Post-flood)

the European Space Agency (ESA) as the primary dataset
for monitoring land surface deformation. The DEM data was
acquired from NASA’s Shuttle Radar Topography Mission
(SRTM). Table 1 shows the datasets used in this study. The
Sentinel-1A satellite was designed for environmental moni-
toring and revisits the same area every 12 days [17], [18].
Differential interferometry (DInSAR) can identify dis-
placements in the line of sight direction with centimeter-level
accuracy [13]. Furthermore, applying temporal and spatial
filtering can enhance the precision of deformation measure-
ments. In this InSAR process, we chose the image before
the 2022 flood as the master image for co-registration and
interferogram formation. An interferogram is generated by
cross-multiplying the master image with the complex conju-
gate of the slave image. The amplitudes of both the master
and slave images are multiplied [15]. Equation (1) gives the
multi-repeat-pass interferometric phase at the study area,

(rbtotal = ¢flat + ¢t0po + d)atm + ¢orb + (z)noise + ¢def (1)

where ¢4+ defines the flat earth phase, ¢4, is the phase
caused by the topography, ¢4+, is the phase contributed by
the atmosphere, ¢, is due to orbital errors. ¢@y,4sc refers
to the noise or artifacts, and the last ¢4,y corresponds to the
deformation phase, which is the phase shift caused by actual
surface displacement. More specifically,

B
Protal = 5 Fiaws T % Todag O+ FAD + bnoise + daey

@)
in the equation (2), A represents the wavelength, B) is
the perpendicular baseline, B is the perpendicular baseline,
R signifies the slant range, and 6 denotes the incident an-
gle. Furthermore, A@ger represents the deformation differ-
ential phase, Ah represents the change in height or displace-
ment of the surface, A D indicates the non-linear deformation
component, and A@yse defines the noise term in the SAR
phase [19]. Equation (3) expresses the relationship between
the change in phase A¢ and the displacement AR,

Ap = %AR 3)

where Equation (3) expresses the relationship between the
phase shift A¢ and the displacement A R. Since the displace-
ment can be due to surface deformation caused by a flood, we
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can analyze surface subsidence over the study area by mea-
suring phase changes and using this equation. After the sub-
swath selection, the data was split, and a process known as
“deburst” was applied to eliminate potential radiometric er-
rors. This was necessary because the IW SLC product was
acquired in a series of bursts, and these radiometric errors
could accumulate. The debursted imagery was subsequently
calibrated to establish a direct relationship between the pixel
values in the image and the backscatter received after inter-
acting with the observed target. Once the interferogram was
generated, a coherence map was produced. Coherence mea-
sures the similarity between the master and slave images with
values spanning from O to 1. Values approaching 1 signify a
substantial similarity, commonly found in permanent features
like built-up corner points [18]. A reference DEM is then
used to remove the topographically induced phase from the
interferogram, isolating deformation signals from elevation-
related phase variations [20]. For displacement estimation,
the phase undergoes a cycle that resets to zero each time it
completes a 2 phase cycle. It is crucial to resolve this ambi-
guity by unwrapping the phase and eliminating the 2 phase
cycles [21], [22]. The unwrapped phase is subsequently em-
ployed for estimating and mapping displacement using Equa-
tion (4) below,

. ¢uwp)\
47 cos 0

Displacement = 4)
where @, is the unwrapped phase, A is the SAR wave-
length, and 6 is the SAR signal’s incidence angle.

3. RESULTS AND DISCUSSION

The floodwater depth maps (Figure 2) highlight the dis-
tricts most affected by the flooding, including Jacobabad,
Shikarpur, Sukkur, Larkana, and Thul. Initially, the maxi-
mum floodwater depths reached up to 7 m. However, most
of the affected area experienced flooding at a mean depth of
approximately 2 m.

To evaluate the changes in the land surface caused by the
flood, a final land deformation map was generated overlaid
with the water depth data. The results reveal that the verti-
cal deformation across the study area ranged from -229.82 to
-7.84 mm following the flood event. These negative values
indicate downward movement of the Earth’s surface relative
to the SAR sensor. A subsidence pattern of high spatial vari-
ability can be observed in Figure 3, particularly in agricul-
tural land, such as the Jacobabad, Shikarpur, and Sukkur dis-
tricts along the riverbanks. In urban regions, land subsidence
was most pronounced along the riverbanks, with a maximum
subsidence of -210.26 mm observed from the northern to the
southern directions. As shown in Figure 3, the negative val-
ues reflect subsidence in areas adjacent to the river, indicat-
ing downward movement of the land. Land subsidence in the
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Fig. 2. The spatial distribution of water depth (m) on Septem-
ber 5, 2022, at various locations within the severely impacted
districts.

western direction was relatively lower, with a maximum dis-
placement of up to -124 mm.
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Fig. 3. Land subsidence across the study area following the
mega flood 2022. The color ramp, ranging from green to red,
illustrates the extent of subsidence in the vertical direction.
Green indicates low subsidence and red represents high de-
formation.

We divided the study area into three classes: high, mod-
erate, and low. High subsidence, defined as displacements
greater than -100 mm, affects 25.2% of the total area. Mod-
erate subsidence, ranging from -25 mm to -100 mm, was ob-
served in 44.8% of the study region. In contrast, areas ex-
periencing minimal or no subsidence account for 30% of the
study area, as shown in Figure 4.

Regarding flood extent, the results indicate that up to 58%
of the area was inundated with floodwaters reaching depths
up to 2 m. The deepest floodwaters reached up to 7 m and
covered less than 3% of the total area. Additionally, according
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Fig. 4. The severity of land subsidence vs. the percentage of
area affected.

to Figures 2 and 3, the correlation between water depth and
land subsidence was observed, with areas of deeper flooding
exhibiting more land subsidence.

Although there is a lack of GPS-based and in-situ data on
land subsidence monitoring across the study area, an analy-
sis using synthetic aperture radar (SAR) data, coupled with
field investigations, suggests that land subsidence in the af-
fected regions is likely linked to the substantial flow of flood-
water debris and influenced by local soil geomorphology. In
addition, the movement of heavy debris and boulders within
floodwaters can lead to changes in the land surface, including
subsidence. This process can further exacerbate flooding, par-
ticularly in the surrounding villages of the Sukkur, Larkana,
and Thul districts. The mean water depth (in meters) was
recorded at four locations in the worst-affected districts, with
ground validation conducted at these sites on November 25-
26, 2022, as shown in Figure 5. This validation provides an
essential comparison for assessing the accuracy of the esti-
mated water depths in the affected areas.
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Fig. 5. Mean water depth (m) at four locations in the
worst-affected districts, with ground validation conducted on
November 25-26, 2022.

The accuracy analysis reveals that the estimated water
depths exceed the in-situ measurements at some locations,

suggesting a slight overestimation. Nonetheless, this differ-
ence is relatively minor and indicates reasonable accuracy
was achieved. For instance, at the Manchar Lake Bank, a
discrepancy is observed, suggesting an overestimation of
floodwater depths in this region. In contrast, the Matyari
district demonstrates high accuracy in estimating floodwater
depth relative to the in-situ measurements.

4. CONCLUSION

The 2022 flood almost submerged most of the agricultural and
urban land of the southern Indus plain of Pakistan. This study
utilized multi-temporal Sentinel-1A and Sentinel-2A imagery
and ground-based validation surveys to analyze severely af-
fected regions of the lower Indus floodplain. The results from
the Google Earth-based water depth estimation indicated that
the deepest floodwaters reached up to 7 m and covered up to
3% of the total study area. Land surface subsidence result-
ing from the 2022 flood were assessed by using InSAR tech-
niques, indicating a range of subsidence from -229.82 mm
to -7.84 mm. The study area was classified into three subsi-
dence categories: high, moderate, and low. High subsidence
the value is greater than —100 mm affects 25.2%, moderate
subsidence (-25 mm to -100 mm) covers 44.8%, and minimal
or no subsidence accounts for 30% of the total study area.
Significant subsidence was noted in urban settlements in the
eastern and southern regions of the study area. Nevertheless,
there is still much work to be done in developing an early
warning system for disaster resilience and risk reduction. In-
ternet of things (IoT) and machine learning models can be
linked with satellite data as early warning systems for disas-
ters. This study emphasized that land subsidence can pose a
substantial risk to urban structures and infrastructure to the
affected areas, necessitating attention from policymakers.
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